Summary Some walnut trees (Juglans regia L.) originating from central Asia display an early flowering phenotype. These "Early Mature" (EM) trees may produce flowers within months of germination. Secondary flowering waves are also observed within a growing season. Inflorescences may carry male, female and hermaphrodite flowers. Progeny obtained from selected EM trees were cultured in vitro to initiate clonal propagation of these genotypes. Embryogenic lines were established through the culture of immature zygotic embryos. Microshoot lines were obtained from germinated somatic or zygotic embryos. Plants showing EM phenotypes were recovered through direct conversion of somatic embryos or adventitious rooting of microcuttings. During the in vitro propagation phase, flower buds were observed on microshoots after three to six subcultures. Histological analysis showed that most of these flowers were hermaphrodite. In vitro apical buds were used to clone the walnut orthologous cDNAs of the AGAMOUS and APETALA 3 MADS-box genes. Northern blots revealed a preferential expression of both of these homeotic genes in flowers. The results highlight the usefulness of EM lines to study the genetic cues controlling flowering and sexual maturity in woody perennials.
Introduction
In woody species, the onset of reproductive cycles may occur soon after germination, as in Rosa species (20-30 days), or long after germination, as in Vitis species (1 year), Prunus, Malus, Citrus and Betula species (2-10 years), and Picea, Quercus and Fagus species (20-40 years) (Hackett 1985) . The long vegetative phase allows trees to acquire the size, structure and capability for abundant flower and seed set. Once the sexually mature phase is reached, the floral buds of woody angiosperms generally develop in less than a year even though winter rests can be observed between flower initiation and flower opening. In cultivated walnut, for example, male catkins develop from axillary buds on previous-year outer nodes, whereas female flowers grow terminally on current-year shoots born from buds induced the previous year (Latorse 1985) . In gymnosperms, long periods of developmental rest can be observed between floral initiation, anthesis, pollination, fertilization and embryo development so that the reproductive phase may require up to 3 years between floral bud initiation and seed set (Singh 1978) . These delays, as well as the occurrence of years without flowering, add to the difficulty of studying mechanisms controlling flowering in trees.
Persian walnut (Juglans regia L.) originated in central Asia (Kashmir, Tadjikistan and Kirghizstan) . From there, it spread west through eastern and central Europe, and east toward India and China, where populations exhibit great genetic diversity (Leslie and McGranahan 1988) . Some walnut trees originating from central Asia may represent ancestors of the currently cultivated trees. They mature precociously unlike all other populations grown today in the rest of the world (Germain et al. 1997) . These "Early Mature" (EM) trees are characterized by the ability to flower within 1 year of germination. Thereafter, numerous inflorescences arising from lateral buds lead to large fruit sets, and intense secondary flowering waves take place during the same growing season. Early flowering is responsible for the increased branching of EM trees, which are generally smaller and bushier than other genotypes. The EM genotype possesses interesting traits for fruit tree breeders such as winter cold hardiness and lateral fruit bearing, but the genotype also exhibits early bud break and high susceptibility to the walnut blight caused by Xanthomonas campestris pv. juglandis (Germain et al. 1997 ).
The natural flowering capacities of EM walnut trees provide a valuable resource for research and breeding projects aimed at increasing fruit production or shortening generation time in trees. Our main objective was to culture EM material in vitro to study the mechanisms underlying the capacity of these trees for abundant precocious flowering and to determine if this characteristic is expressed in tissue culture. The production of somatic embryo lines, the propagation of microshoots, and the acclimatization of plants were achieved for three EM genotypes. In the greenhouse, the regenerated plants showed similar phenotypes to the mother trees. In vitro, EM microcuttings produced apical inflorescences that carried mostly hermaphrodite flowers. These in vitro flower buds were used to clone walnut cDNA sequences orthologous to AGAMOUS (AG) and APETALA 3 (AP3) floral homeotic genes. Northern blots confirmed the preferential expression of both genes in walnut floral tissues. The cloning of these floral genes validates the usefulness of the EM lines to study flowering and sexual maturity in trees.
Materials and methods

Plant material
Walnuts collected from open-pollinated EM trees (J. regia) originating from Tadjikistan and grown in the Central Botanical Garden of Kiev (Ukraine) were kindly provided by Dr. Viana Kanivets. The seeds were planted in 1993 at the INRA in Bordeaux (Jarres experimental orchard, Toulenne, France). In 1996, zygotic embryos excised from walnuts corresponding to half-sib progenies obtained by open-pollination on five selected trees (UK 6-2, UK 11-4, UK 47-10, UK 53-6 and UK 56-2) were cultured in vitro to produce somatic embryo and microshoot lines.
Somatic embryogenesis
Somatic embryo lines were produced from immature zygotic embryos obtained from developing nuts of EM trees as previously described (Cornu 1989) . Embryogenic lines were obtained from immature cotyledonary embryos excised as they started their phase of rapid development during which the cotyledons expand to fill the ovarian locule. At this stage, the endosperm is still gelatinous, the shells are half-lignified and the nuts are close to their final size. The excised embryo axis was 1 to 2 mm long and the cotyledons measured 15 to 20 mm. They were translucent to white in color (Labavitch and Polito 1985) . Repetitive secondary somatic embryogenesis was induced by culturing the explants on Driver and Kuniyuki (1984) basal medium (DKW) supplemented with sucrose (30 g l -1 ), myoinositol (100 mg l -1 ), L-glutamine (250 mg l -1 ), benzylaminopurine (BAP) (1 mg l -1 ), kinetin (2 mg l -1 ), indole-3-butyric acid (IBA) (0.01mg l -1 ) and Phytagel (0.3% w/v). Embryogenic reactivity was determined after 4 months of culture. Once established, somatic embryo lines were subcultured every 2 to 3 weeks on hormone-free and L-glutamine-free DKW medium according to Deng and Cornu (1992) . Wellformed cotyledonary somatic embryos were selected for plantlet production. For germination, somatic embryo axes were dissected and placed in petri dishes (140 mm diameter) containing hormone-free DKW basal medium. Dishes were placed vertically in the dark for 3 weeks. Germinated somatic embryos were transferred to tubes containing hormone-free DKW basal medium and placed in the light (daylight fluorescent tubes, 25 µmol m -2 s -1 , 16-h photoperiod, 27°C) for three additional weeks. Developing plantlets were then grown for 1 month in jars containing a gelled hormone-free DKW medium with vermiculite and transferred to the greenhouse according to Chenevard et al. (1995) .
Micropropagation
Microcutting lines were initiated from zygotic or somatic embryonic axes placed in the dark at 27°C on DKW medium supplemented with sucrose (30 g l -1 ), myo-inositol (100 mg l -1 ), L-glutamine (100 mg l -1 ), BAP (0.75 mg l -1 ), IBA (0.001 mg l -1 ) and Phytagel (0.25% w/v). Elongated epicotyls were micropropagated on the same medium in jars in a 16-h photoperiod. For each line, multiplication rates were determined from the number of microshoots obtained from between five and seven consecutive subcultures. In vitro rooting and acclimatization of the plantlets were performed as previously described (Jay-Allemand et al. 1992 , Chenevard et al. 1995 . Adventitious rooting percentages were determined after 3 weeks of root development on the vermiculite/gelled medium mix (20 or 30 microshoots per experiment, two repeats). Acclimatization rates were determined after 6 months in the greenhouse.
Histological analysis
Microshoot apical buds were collected after 1-3 weeks of culture and fixed at room temperature for 24 h after vacuum infiltration in 100 mM sodium cacodylate buffer, pH 7.2, containing 2% glutaraldehyde (v/v) and 1.5% paraformaldehyde (w/v). After several rinses in buffer, the samples were post-fixed in 2% buffered OsO 4 (v/v) for 4 h, rinsed in water, dehydrated through an alcohol series, infiltrated with propylene oxide, and embedded in araldite-epon. Serial semi-thin sections (3-5 µm) were cut with a Microm HM355 Ultracut microtome (Microm Epoq, Francheville, France), collected on slides, and stained with 0.1% (w/v) toluidine blue O aqueous solution (Feder and O'Brien 1968) . The sections were then observed and photographed with a Zeiss Axioscop photomicroscope.
Molecular biology techniques
Somatic embryos and microshoot apices from EM genotypes were collected in liquid nitrogen and lyophilized. Poly(A)+ RNA extracted according to Breton et al. (1995) was used for cDNA synthesis and polymerase chain reaction (PCR) amplification of conserved MADS-box genes with the following degenerate primers: 5′-ATGGCIMGIGGIAARATHSA-3′ and 5′-AYYTCIGCRTCRCAIARNAC-3′ (sense and antisense, respectively), where I, M, R, Y, H and S are IUPAC ambiguity codes. The reverse transcription-polymerase chain reaction (RT-PCR) products were cloned using the TA Cloning kit (In-vitrogen, Groningen, The Netherlands) and sequenced (Genome Express, Montreuil, France). Gene-specific primers were synthesized according to each internal sequence and used to clone the 3′ ends of the cDNAs by RACE (rapid amplification of cDNA ends) (Frohman et al. 1988 ). The DNA sequences were compared with the National Center of Biotechnology Information (NCBI) nonredundant sequence database using BLAST Version 2.2.4 (Altschul et al. 1997) . Sequences were analyzed with the DNAsis software package (Hitachi Software Europe SA, Olivet, France). Alignments were performed according to Corpet (1988) . Genomic DNA was extracted according to Weising et al. (1995) . For Southern blot analysis, 5 µg of DNA was digested with EcoRI, XbaI and HindIII (Roche Molecular Biochemicals, Meylan, France), subjected to electrophoresis in a 1% w/v agarose gel and transferred in 0.4 M NaOH to Hybond N+ membrane (Amersham Pharmacia Biotech, Saclay, France). For gene expression analysis, 20 µg of total RNA extracted according to Beritognolo et al. (2002) was subjected to electrophoresis in a 1.2% w/v agarose denaturing gel and transferred in 0.05 M NaOH to Hybond N+ membrane. A cDNA probe encoding a 60S walnut ribosomal protein (accession number AJ278460) was used as a reference to assess the amount of RNA loaded in each well. Southern and Northern blots were hybridized overnight at 65°C in 0.3 M phosphate buffer containing 7% w/v SDS, 1 mM EDTA and [ 32 P]-dATP-labeled probes (2.5 × 10 6 cpm ml -1 , StripEZ TM DNA labelling kit, Ambion, Austin, TX). After hybridization, the membranes were rinsed, washed twice in 0.2× SSC containing 2% (w/v) SDS at 65°C, and exposed at -80 °C to X-OMAT films (Kodak).
Results
Morphological characterization of "Early Mature" walnut trees
In 1993, 873 descendants of "Early Mature" (EM) trees were sown in a collection orchard at the INRA in Bordeaux. They displayed the typical features of the parent trees in central Asia (Figure 1 ). Some individuals had visible terminal inflorescences within a few months of germination ( Figure 1A ). Compared with commonly cultivated varieties, EM genotypes developed less vigorously, but formed compact trees on which large fruit sets were observed between 3 and 4 years after sowing ( Figure 1B ). Apical inflorescences had mostly female flowers. Up to 20 small walnuts could develop on a single inflorescence ( Figure 1C ). The EM trees were also characterized by secondary flowering waves occurring later in the growing season ( Figure 1D ). Lateral inflorescences produced male, female and hermaphrodite flowers. The growth of these supplementary walnuts was delayed until late in the season (Figure 1E) . Table 1 shows a comparison of the phenological characteristics of five EM genotypes (UK 6-2, UK 11-4, UK 47-10, UK 53-6 and UK 56-2) with those of commonly cultivated varieties of J. regia (Franquette, Fernor and Lara) . The leaf-forming period of the EM trees ranged from the end of March to early April, slightly preceding that of the regular varieties. The EM genotypes showed systematically high lateral flowering abilities with 90% of the flowers arising from axillary buds, whereas lateral flowering ranged from 0 to 80% among common varieties. Most of the EM genotypes were protogynous (UK 11-4, UK 47-10, UK 53-6 and UK 56-2) and all of them had secondary flowering waves that were never observed among regular J. regia varieties. Asynchronous fruit development was observed, but EM walnuts generally reached their mature stage earlier than walnuts of the common varieties. The EM trees produced smaller nuts with thinner and imperfectly sealed shells containing small, easy to extract kernels. Walnuts from the five EM mother trees were used to induce somatic embryogenesis and to produce microcuttings.
In vitro flower production
In 1996, 66 immature embryos collected from five half-sib progenies of 3-year-old EM mother trees (UK 6-2, UK 11-4, UK 47-10, UK 53-6 and UK 56-2) were cultured in vitro to produce embryogenic lines. After 4 months of culture on induction medium, 19 showed embryogenic reactivity marked by the production of secondary somatic embryos. Three of these lines originating from three different mother trees (UK 6-2, UK 11-4 and UK 53-6) remained steadily embryogenic after 8 months of culture on hormone-free multiplication medium. The UK 6-2, UK 11-4 and UK 53-6 somatic embryo lines are still embryogenic.
Elongated epicotyls obtained from somatic or zygotic embryos were used to establish microshoot lines. After three to six subcultures, abnormal apical buds were observed on the EM microshoots (Figure 2 ). Small artichoke-like structures with scale leaflets appeared at the tip of some microshoots and developed further into inflorescences (Figures 2A and 2B ). After 2-3 weeks of culture, fluffy stigma-like structures could be observed ( Figure 2C ). Thereafter, the inflorescences turned brown and aborted between the fourth and fifth weeks of culture. Although difficult to observe, the early stages of flower development could be detected in axillary buds along the flowering microshoots. Sometimes, every axillary bud along a flowering microshoot developed into flowers. Consequently, microshoots in which floral induction occurred were shorter and bushier than the nonflowering microshoots. Analyses of serial histological sections confirmed the floral nature of the buds sampled from EM microshoots. Most of the dominant flowers located at the tip of the apical inflorescences were hermaphrodite ( Figure 2D ). Flowers had a single orthotropous ovule in the center of a partially closed ovarian cavity as well as bilocular stamens bordered by a rudimentary perianth and bracts. The development of other flowers at the base of the apical inflorescences was much reduced. Sometimes, unisexual male or female flowers developed at the tip of the inflorescences, and early stages of differentiation of both microspore and megaspore could be observed within relatively more developed organs ( Figures 2E and 2F ). Inflorescences protruding from EM microshoots differed greatly from the tiny vegetative shoot apical meristem observed on non-EM J. regia microshoots ( Figure 2G ).
Micropropagation and regeneration of EM plants
In vitro culture characteristics of EM microcutting lines obtained from somatic or zygotic embryos are summarized in Table 2. In vitro flowering rates were relatively constant from subculture to subculture among EM genotypes. Among microcutting lines, UK 11-4 was the only line for which in vitro flower production was never observed. For UK 53-6, UK 47-10 and UK 56-2, the number of flowering microshoots never exceeded 5 to 10% of the total number of microshoots subcultured at one time. Shortly after subculture, every UK 6-2 microcutting developed small apical flower buds that strongly inhibited elongation of the microshoots and propagation of this particular line. Compared with J. regia (var. Lara) microcuttings cultured simultaneously as nonflowering controls, the EM microshoot lines had slightly lower multiplication rates ranging from 1.6 to 2.2 every three weeks (Table 2 ). It was difficult to produce microshoots of UK 6-2 suitable for in vitro root induction. Gibberelic acid (GA 4-7 ) treatments caused significant elongation of UK 6-2 microshoots but induced vitrification. The only plantlets of this genotype transferred to the greenhouse were obtained through direct conversion of somatic embryos. For the other EM genotypes, plantlets could be obtained either through direct conversion of somatic embryos or adventitious rooting of microshoots. Adventitious rooting rates varied between 20 and 75% and acclimatization rates ranged from 10 to 50% (Table 2) .
In autumn 1998, 63 EM plants were successfully transferred to the greenhouse. Six months later, UK 53-6 trees presented an abnormal apex and their growth stopped completely. In 2000, apical inflorescences developed on every UK 53-6 tree (12 trees). These inflorescences appeared in March and carried mostly female or hermaphrodite flowers ( Figure 2H ). After their abscission and the development of a branch from an axillary bud, a second flowering wave corresponding only to terminally located pairs or triplets of female flowers was observed at the end of June on each tree. The UK 47-10 and UK 56-2 trees produced flowers, whereas UK 11-4 did not. Flower production clearly reduced the development of the regenerated trees ( Figure 2I ). At the end of the growing season, mean height of flowering UK 53-6 trees averaged 56.3 ± 15.0 cm whereas nonflowering UK 11-4 trees had a mean height of 110.2 ± 7.2 cm. Three-year-old trees of UK 11-4, UK 53-6, UK 47-10 and UK 56-2 regenerated from in vitro culture have been transferred to the field.
Cloning and expression of floral homeotic genes
Degenerate primers based on MADS-box amino acid consensus sequences were used to amplify partial cDNA sequences of floral homeotic genes (Figure 3) . The cDNAs obtained from flowering UK 53-6 apices were used as templates for RT-PCR experiments that allowed the cloning of two distinct 128-bp fragments with high similarities to well-characterized MADSbox sequences. Nested primers complementary to each inner sequence were used to amplify the 3′ ends of the corresponding cDNAs. Two sequence fragments of 891 and 854 bp, including short poly(A) tails, were cloned (accession numbers AJ313088 and AJ313089, respectively). Short sequences of these partial sequences overlapped the previously cloned ones and could be assembled with them ( Figure 3A) . The generated nucleotide sequences were 955 and 884 bp long and encoded putative polypeptides of 227 and 225 amino acids, respectively. At the nucleotide and amino acid levels, these sequences showed strong similarities with the AG and AP3 gene sequences of various plant species including trees (Corylus, Betula and Populus spp.). They were named jrAG and jrAP3. In Figure 3B , the predicted amino acid sequences of jrAG and jrAP3 were aligned with the three protein sequences from the databases that showed the highest homologies and with the reference proteins of Arabidopsis thaliana (L.) Heynh. The N terminus of the deduced amino acid sequence encoded by jrAG was found to be 15 residues shorter than MADS1 (C. avellana), MADS6 (B. pendula) and PTAG2 (P. balsamifera subsp. trichocarpa), and 49 residues shorter than AG (A. thaliana). Thus, the jrAG cDNA sequence described here probably corresponds to a partial sequence of the actual walnut gene. Overall, jrAG and jrAP3 had a 60-81% and 53-63% amino acid identity, respectively, with the selected orthologous sequences ( Figure 3B ). The greatest amino acid identity was found within the MADS box (between 97 and 77%). Significant similarities were also observed among the conserved K box and the adjacent amino acid sequences. Probes specific to jrAG and jrAP3 were generated by PCR amplification of the sequences located between the end of the K box and the 3′ end of each cDNA ( Figure 3A ). Southern blots of genomic DNA extracted from Juglans nigra, J. regia, and J. nigra × J. regia, as well as UK 11-4 and UK 53-6 genotypes, revealed mainly one to two band patterns, suggesting the existence of a single locus for both jrAG and jrAP3 genes ( Figures 4A and 4B ). The hybridization patterns observed for EM genotypes showed greater similarities with those of J. regia than with those of J. nigra. The expression of jrAG and jrAP3 was analyzed by Northern blot hybridizations performed on total RNA extracted from J. regia trees grown in the greenhouse and from somatic embryos and microcutting apices sampled in vitro ( Figure 4C ). For both genes, the higher hybridizing signals were detected in male and female flowers collected from mature trees. The size of both hybridizing bands was about 1100 bp. For jrAG, no signal could be detected among the other samples analyzed, whereas weaker signals were observed for jrAP3 in mature zygotic embryos, stems, roots and leaves. No signal could be detected for jrAG among the in vitro samples (microshoot apices and somatic embryos) collected from EM, J. regia or J. nigra × J. regia lines. Weak jrAP3 signals were observed for every in vitro sample from the EM and non-EM genotypes.
Discussion
In annual plants like A. thaliana, floral induction occurs within a few weeks of germination and is regulated by a day-lengthdependent pathway and a day-length-independent pathway (Bernier 1986 , Blazquez and Weigel 2000 , Reeves and Coupland 2000 . In perennial plants, the period between germination and flowering and fruit set can vary from one to a few years to several decades (Zimmerman 1972 , Hackett 1985 , Owens 1991 . Little is known about the molecular control of juvenility in trees. Its main effect is a delay in crossing times and consequently in breeding programs. Tree breeders have investigated many different and quite empirical techniques such as stem girdling, root pruning, grafting, fertilizer and hormonal treatments to shorten the juvenile phase (BonnetMasimbert and Webber 1995, Chalupka and Cecich 1997, Meilan 1997) . Recently, key genes controlling floral transition and flower differentiation have been characterized in Arabidopsis thaliana and Antirrhinum majus L., and many orthologous cDNAs cloned in tree species show similar expression patterns (Tandre et al. 1995 . Overexpression of the Arabidopsis LEAFY gene advanced flowering time in Populus tremula × P. tremuloides (Weigel and Nilsson 1995) . In Citrus, the constitutive expression of Arabidopsis LEAFY or APETALA 1 genes allowed flowering and fruit set as early as 1 year among transgenic trees and their progenies (Pena et al. 2001) .
Walnut trees (Juglans spp.) are monoecious and normally develop unisexual inflorescences (Hickey and King 1981, Latorse 1985) . Some walnut trees collected in central Asia or China are characterized by extremely precocious sexual maturity and flower within 1 year of germination (Germain et al. 1997) . In grapefruit (Citrus paradisi Macfady.), early terminal flowering phenotypes have been reported among seedlings from a few months to 1 year old (Furr et al. 1947 ). However, these genotypes did not flower again for 5 to 10 years. In contrast, EM walnut genotypes are characterized by successive flowering waves and large fruit sets that occur continuously in the following years, suggesting a unique juvenility/ flowering system for this woody species.
Our first goal was to develop in vitro culture systems allowing the recovery of plants from EM genotypes. Somatic embryogenesis and plant regeneration have already been re- (Tulecke and McGranahan 1985, Deng and . We regenerated plants by direct conversion of somatic embryos and by adventitious rooting of microcuttings derived from five EM progenies. The EM phenotype was conserved among the regenerated plants and the general features of the regenerated trees were similar to those of their respective parents, indicating that either the in vitro-cultured embryos originated from self-pollinated flowers or there is a dominant determinant for the EM phenotype. The EM phenotype was also observed in vitro. After a few subcultures, apical floral buds developed on 2-cm microshoots. In vitro flower development was observed for every EM genotype micropropagated except UK 11-4 whose mother tree had a low flowering ability in the field. In comparison, UK 6-2 showed 432 BRETON ET AL.
TREE PHYSIOLOGY VOLUME 24, 2004 profuse in vitro flowering that interfered with microshoot growth. These features correlated well to each mother tree phenotype. The flowers appearing in vitro on apical inflorescences were mostly hermaphrodite. Bisexual inflorescences and hermaphrodite flowers are regularly observed among the EM mother trees cultivated in the field (Germain et al. 1997) and, therefore, such inflorescences were not considered abnormalities resulting from the in vitro culture treatments. In vitro The number of bands specific to J. nigra and J. regia are given at the bottom of the autoradiographs. Bands specific to EM genotypes are marked by x. (C) Expression of jrAG and jrAP3. Total RNA was extracted from field-grown mature J. regia trees (abbreviations: L = leaves; S = stems; R = roots; mF = male flowers; fF = female flowers; and E = zygotic embryos) and from in vitro materials (microshoot apex and somatic embryos) obtained from nonflowering (NF) Lara or EM genotypes. The RNA (20 µg per sample) was subjected to electrophoresis under denaturing conditions, stained with ethidium bromide and transferred to a positively charged nylon membrane, and hybridized with [flowering was observed within three to six subcultures (9-18 weeks) after the production of microcuttings from somatic or zygotic embryo axes, which is consistent with field data on the EM mother trees. The in vitro production of flowers did not depend on the presence of roots. No flowering apices were detected among regular J. regia microshoots (e.g., var. Lara, Fernor) or J. nigra × J. regia hybrids cultivated for years under similar conditions (Chenevard et al. 1995) . These observations suggest that in vitro flowering of EM trees is directly linked to the genotype of the parent trees and to the inherent capacities of the apical meristems of EM trees to undergo the developmental switches leading to flowering. Our second goal was to clone genes marking flower development in EM microshoots. Because several MADS-box genes have been implicated in floral organ differentiation (Coen and Meyerowitz 1991, Davies and Schwarz-Sommer 1994) , we used an RT-PCR approach to clone genes of this transcription factor family. We used cDNAs obtained from in vitro flowering apices to amplify MADS-box sequences expressed in this material. The 3′ ends of the corresponding cDNAs were then cloned and used to generate gene-specific probes for Southern blot and gene expression analyses. We were able to amplify and clone partial walnut cDNAs presenting MADS-box sequences from EM samples. Database searches and sequence alignments showed that at least two RNAs orthologous to A. thaliana AG and AP3 genes ( jrAG and jrAP3, respectively) were expressed in the flowering apices of EM microshoots. In A. thaliana, AP3 and AG are representative of the B and C classes of floral organ-identity genes controlling, in part, the differentiation of whorls two, three and four (Weigel and Meyerowitz 1994) .
Northern blots performed with samples collected from sexually mature J. regia trees grown in the greenhouse indicated the preferential expression of jrAG and jrAP3 in both male and female flowers. In our experimental system, jrAG expression appeared to be strictly expressed in flowers. No jrAG transcripts were detected in EM microshoot apices, perhaps because the in vitro flowering apices used for the Northern blots represented only 5-10% of the total number of apices sampled. The great majority of nonflowering EM microshoot apices might have caused a dilution of the target RNAs. In Populus trichocarpa Torr. & A. Gray, AG orthologs have a floral expression pattern, but transcripts were also detected in vegetative tissues . In walnut, jrAP3 transcripts were detected to a minor extent in every sample analyzed including EM and non-EM microshoot apices. The low expression of jrAP3 observed in somatic embryos was comparable with that observed in mature zygotic embryos. In P. trichocarpa and A. thaliana, Northern blot and in situ hybridization experiments showed that AP3 expression was restricted to petals, stamens and, to a much lesser extent, to siliques in the latter species (Jack et al. 1992 , Krizek and Meyerowitz 1996 . The expression of jrAG and jrAP3 could be analyzed in EM and non-EM apices at the cell level by in situ hybridization. Every 2-4 weeks, EM lines produce small inflorescences that are particularly adapted to such an approach.
In addition to their potential use in breeding programs, the EM embryogenic lines provide new avenues for studying sexual maturity and flowering in trees. For example, our histological analysis of cloned tree explants that flower naturally in vitro, together with the characterization of two MADS-box genes from this material, indicate that EM microshoots could be particularly useful for cellular and molecular biology studies. Walnut somatic embryos have already been used to obtain transformants with altered phenolic metabolism (El-Euch et al. 1998 ) and improved pest tolerance (Leslie et al. 2001 ). In the future, genetic transformation of EM somatic embryo lines could facilitate integration of transgenic plants in breeding programs.
